Precision antimicrobial therapeutics: The path of least resistance? by Spaulding, Caitlin N et al.
Washington University School of Medicine
Digital Commons@Becker
Open Access Publications
2018
Precision antimicrobial therapeutics: The path of
least resistance?
Caitlin N. Spaulding
Washington University School of Medicine in St. Louis
Roger D. Klein
Washington University School of Medicine in St. Louis
Henry L. Schreiber IV
Washington University School of Medicine in St. Louis
James W. Janetka
Washington University School of Medicine in St. Louis
Scott J. Hultgren
Washington University School of Medicine in St. Louis
Follow this and additional works at: https://digitalcommons.wustl.edu/open_access_pubs
This Open Access Publication is brought to you for free and open access by Digital Commons@Becker. It has been accepted for inclusion in Open
Access Publications by an authorized administrator of Digital Commons@Becker. For more information, please contact engeszer@wustl.edu.
Recommended Citation
Spaulding, Caitlin N.; Klein, Roger D.; Schreiber IV, Henry L.; Janetka, James W.; and Hultgren, Scott J., ,"Precision antimicrobial
therapeutics: The path of least resistance?." npj Biofilms and Microbiomes.4,. . (2018).
https://digitalcommons.wustl.edu/open_access_pubs/6657
PERSPECTIVE OPEN
Precision antimicrobial therapeutics: the path of least
resistance?
Caitlin N. Spaulding1,2,3, Roger D. Klein2,3, Henry L. Schreiber IV2,3, James W. Janetka3,4 and Scott J. Hultgren2,3
The emergence of drug-resistant pathogens has led to a decline in the efﬁcacy of traditional antimicrobial therapy. The rise in
resistance has been driven by widespread use, and in some cases misuse, of antibacterial agents in treating a variety of infections. A
growing body of research has begun to elucidate the harmful effects of broad-spectrum antibiotic therapy on the beneﬁcial host
microbiota. To combat these threats, increasing effort is being directed toward the development of precision antimicrobial
therapeutics that target key virulence determinants of speciﬁc pathogens while leaving the remainder of the host microbiota
undisturbed. This includes the recent development of small molecules termed “mannosides” that speciﬁcally target uropathogenic
E. coli (UPEC). Mannosides are glycomimetics of the natural mannosylated host receptor for type 1 pili, extracellular appendages
that promotes UPEC colonization in the intestine. Type 1 pili are also critical for colonization and infection in the bladder. In both
cases, mannosides act as molecular decoys which potently prevent bacteria from binding to host tissues. In mice, oral treatment
with mannosides simultaneously clears active bladder infection and removes intestinal UPEC while leaving the gut microbiota
structure relatively unchanged. Similar treatment strategies successfully target other pathogens, like adherent-invasive E. coli (AIEC),
an organism associated with Crohn’s disease (CD), in mouse models. While not without its challenges, antibiotic-sparing therapeutic
approaches hold great promise in a variety of disease systems, including UTI, CD, otitis media (OM), and others. In this perspective
we highlight the beneﬁts, progress, and roadblocks to the development of precision antimicrobial therapeutics.
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INTRODUCTION
Antibiotics are considered the standard of care for the treatment
of most bacterial infections caused by drug-susceptible organisms.
However, the worldwide spread of drug-resistant bacterial
pathogens has greatly limited the repertoire of antibiotics
available to effectively treat patients. As a result, clinicians are
becoming increasingly reliant on last-line antimicrobial agents to
treat a growing number of common bacterial infections. The
efﬁcacy of these agents has also begun to decline in the face of
rapidly evolving resistant bacterial populations. Additionally, a
growing number of studies are ﬁnding that alterations to the
community structure of the host commensal microbiota following
treatment with traditional antibiotics can have negative effects on
long-term host health, especially when administered during
childhood.
A recent review on antimicrobial resistance led by the British
government has suggested that, without a rapid expansion of our
antimicrobial arsenal, “superbugs” resistant to existing antibiotics
could kill more than 10 million people a year by 2050.1 Further,
research from the World Bank suggests that the dramatic increase
in antibiotic-resistant infections could have dire consequences on
the world economy with an estimated $100 trillion being spent to
combat these infections by 2050.2 Together, these ﬁndings
highlight the antibiotic resistance crisis we currently face and
underscore the need to develop treatments that can potentiate or
replace broad-spectrum antibiotic therapy in patients with
bacterial infections. To address this emerging crisis, it is essential
that novel treatments be developed to spare existing broad-
spectrum antibiotics and selectively target and remove an
infecting pathogen while leaving the community structure of
the surrounding microbiota unchanged. These new therapeutics,
hitherto referred to as precision antimicrobials, include both anti-
virulence compounds that inhibit bacterial pathogenesis and
persistence, as well as new compounds that are bactericidal or
bacteriostatic to a minimal number of bacterial pathogens.
In this perspective, we explore the differences between broad-
spectrum antibiotics and precision antimicrobial therapies and
highlight the beneﬁts and challenges of developing precision
therapeutics. Further, we highlight a series of potential applica-
tions for these precision antimicrobials.
THE MUTUALISTIC SYMBIOTIC RELATIONSHIP BETWEEN HOST
AND MICROBIOTA
All mammals harbor complex and dynamic populations of
microorganisms (known as the microbiota), which are made up
of bacteria, archea, fungi, viruses, and protozoa3 and colonize
mucosal surfaces, such as those found in the nose, mouth, airways,
gut, and urogenital tract, as well as non-mucosal surfaces, like the
skin. However, the intestine holds the largest collection of
microbes, with a total of ~1014 bacterial cells. The collection of
bacterial genomes in the microbiota contains >5 million genes,
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outnumbering the number of human genes by orders of
magnitude.4
Humans and their associated microbial communities have co-
evolved, as a recent study shows that over the last 15 million years
intestinal bacteria have co-speciated with hominids.5 This study
examined two highly conserved clades of intestinal bacteria,
Bacteroidaceae and Bifodobacteriaceae, in humans, chimpanzees,
and gorillas, and found that the estimated time of divergence
between microbial communities in hominid species occurred
around the same time as the presumed hominid speciation
event.5 This work suggests that different evolutionary pressures
faced by humans and apes likely shaped both host physiology and
their associated microbial communities. Thus, the human micro-
biota has inﬂuenced and been inﬂuenced by the evolution of
humans based on critical mutualistic symbiotic relationships. For
example, microbial communities beneﬁt from the abundance of
nutrients and space available within the host and thus have
evolved strategies to maintain their association with the host. In
return, these organisms play essential roles in host development
and health. During early life, host–microbiota interactions
inﬂuence the development of the host immune system and have
been implicated in muscle, adipose tissue, and bone growth.6 The
microbiota provides additional beneﬁts throughout the lifetime of
the host, including the synthesis of vitamins that promote host
health and the liberation of otherwise inaccessible nutrients from
the host diet.3 Further, by sequestering available nutrients and
occupying space within the host, the residing microbiota
promotes colonization resistance and thus discourages coloniza-
tion and subsequent infection by pathogenic organisms.
While the interactions between the host and microbiota are
generally mutualistic, disruption of this relationship can occur,
leading to a state of dysbiosis. During this period of imbalance,
species that typically dominate the community become under-
represented while low-abundance species that were restricted in
growth are enabled to expand their population to ﬁll the void.
Dysbiosis can occur when a pathogenic organism inﬁltrates a
community and seizes space and nutrients from commensal
organisms. In healthy individuals, the host immune system, by
mechanism(s) that are under investigation by a number of groups,
tolerates the presence of a commensal microbiota.7,8 During
periods of infection or dysbiosis, the immune system attempts to
restore balance by removing the pathogen and restoring the
community structure through inﬂammation and secretion of
antimicrobial peptides among other responses. Yet, in some cases,
an over-exuberant or continuous immune response further
exacerbates the dysbiotic condition, generating a vicious cycle
that results in a protracted imbalance in the gut microbiota.
Dysbioses, particularly those that last for extended periods of time,
are associated with a number of human diseases and infection,
including inﬂammatory bowel disease (IBD), urinary tract infec-
tions (UTI), otitis media (OM), sinusitis, conjunctivitis, and acne.
THE CONSEQUENCES OF ANTIBIOTIC EXPOSURE
While it is undeniable that antibiotic therapy is an invaluable
clinical tool, an increasing number of studies have demonstrated
that perturbations to the gut microbiota by oral broad-spectrum
antibiotic treatment results in alterations to the functions of the
microbiota in ways that are ultimately detrimental to host health.
For example, disrupting the gut microbiota with broad-spectrum
antibiotics during childhood may alter the development of a
child’s immune system as well as the growth of adipose, muscle,
and bone tissues.6 Broad-spectrum antibiotic exposure also
increases the spread and uptake of bacterial genetic elements,
including plasmids encoding antibiotic resistance genes, thus
contributing to the development and spread of antibiotic
resistance while selecting for the growth of bacteria that are
resistant to the antibiotic being consumed.9 Further, by altering
the community structure of the microbiota, broad-spectrum
antibiotics also disrupt colonization resistance, opening space
for pathogens to colonize or for typically low-abundance
organisms present in the community to bloom and cause
infection within the gut and/or at extra-intestinal sites which
can result in long-lasting dysbiosis.
The bloom of normally restricted organisms is observed after
treatment of mice with a single oral dose of the broad-spectrum
antibiotic streptomycin, which produces high levels of intestinal
inﬂammation and enhances colonization by E. coli species.10–12
The increased ﬁtness of E. coli may be due to several factors, such
as disruption of colonization resistance and alterations in the
generation of cellular energy. Previous work has found that
nitrate, released into the gut lumen as a byproduct of the
streptomycin-induced intestinal inﬂammatory response, can be
used by E. coli as a terminal electron acceptor for anaerobic
respiration, a process not available to many strict anaerobes
present in the gut that lack the necessary nitrate/nitrite reductase
enzymes.10,13–15 High levels of intestinal inﬂammation have also
been linked to increases in E. coli colonization of the gut of
patients with IBD. IBD represents a subset of syndromes that are
characterized by constitutively high levels of intestinal inﬂamma-
tion. Biopsy specimens from patients with Crohn’s disease (CD)
and Ulcerative Colitis, two IBD syndromes, revealed that these
patients have a 3–4 log increase in the levels of Enterobacter-
iaceae in their intestines compared to healthy controls.16 The
enhanced ﬁtness of E. coli during intestinal inﬂammation may also
increase patients’ chances of having bladder infection as several
clinical studies have found that IBD patients have a signiﬁcantly
increased risk of recurrent UTI (rUTI) with >80% of patients having
rUTI.17,18
Therefore, even when used to target susceptible pathogens,
treatment with broad-spectrum antibiotics that affect a larger
proportion of a community may be detrimental to host health.
Therefore, the need to develop highly targeted, precision
therapeutics that can speciﬁcally kill or eliminate antibiotic-
resistant pathogens while producing minimal changes to the
community structure of the microbiota has gained increased
urgency.
DEVELOPING PRECISION TREATMENTS FOR UTIS
Uropathogenic E. coli (UPEC) are normal components of the gut
microbiota; however, when shed in the feces UPEC can colonize
peri-urethral or vaginal tissue before ascending through the
urethra and accessing the bladder, causing UTI.19–21 Although
stochastic in nature, the frequency of UPEC shedding in feces and
subsequent migration to the bladder is thought to be related to
the gastrointestinal UPEC burden. Thus, a bloom in E. coli levels
during periods of intestinal dysbiosis result in greater levels of
UPEC shedding into feces and a concomitant increase in the rate
of UPEC transmission to the bladder.17,18 The standard of care for
individuals with UTI is antibiotic therapy. However, the observa-
tion that 20–40% of women will have one or more recurrences
within months of her initial UTI despite appropriate antibiotic
therapy suggests that broad-spectrum antibiotics have limited
long-term efﬁcacy for UTI treatment.22 This problem is com-
pounded by the rising incidence of antibiotic-resistant uropatho-
gens; the prevalence of UPEC strains resistant to ﬂuoroquinolones,
a so-called “last-line” antibiotic for UTI treatment, has reached up
to 70% in countries such as India, China, and Vietnam and up to
50% in some European countries.23 The resultant reliance on
carbepenems to treat an increasing number of patients with drug-
resistant UTI has, in turn, driven the development and expansion
of carbapenem-resistant Enterobacteriaceae (CRE). Increased
incidence of CRE is particularly concerning as several reports
have associated these infections with up to 50% mortality.24,25 The
identiﬁcation of a UTI caused by a CRE strain that is also resistant
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to colistin, a drug of last resort for treating CRE resistance isolates,
in a woman from the United States emphasizes the urgent and
alarming nature of the antibiotic resistance crisis we currently
face.23,26–28 The drug resistance index (DRI) is a composite
measure that combines the ability of antibiotics to treat infections
with the extent of their use in clinical practice. The DRI provides an
aggregate trend measure of the effectiveness of available drugs.
The index for UTIs shows the number of infections facing
treatment difﬁculties has been increasing since the mid-2000s
due to the rapid spread of resistance among UPEC, underscoring
the need to develop new therapeutics geared toward the
emerging threat of drug-resistant Gram-negative organisms.29,30
A critical stage of UPEC pathogenesis is colonization of host
tissue. To accomplish this, UPEC express chaperone usher pathway
(CUP) pili. Single UPEC strains can carry between 5 and 16 distinct
CUP pilus operons, many of which are known to aid UPEC strains
in their colonization of many different host habitats, including the
gut, vagina, urethra, bladder, and kidneys.31 The carriage of these
gene clusters is not uniform, as some CUP pili are carried by
almost every E. coli strain while others are carried only by a
minority of strains. The expression of CUP pili is tightly regulated,
resulting in the expression of only one pilus type at a time.32 CUP
pili are tipped with adhesins that mediate UPEC tropism by
binding distinct ligand(s) with stereochemical speciﬁcity. Adhesins
are two-domain proteins made up of an N-terminal lectin domain,
which is responsible for recognition and attachment to speciﬁc
ligands, and a C-terminal pilin domain that connects the adhesin
to the bulk of the pilus.33 The availability of the ligands bound by
adhesins is vital to infection and the presence of these ligands
differs between body sites/habitats. Multiple pilus types have
been shown to promote UPEC colonization of the urinary tract.
In mice, type 1 pili tipped with the FimH adhesin mediate acute
bladder colonization by binding to mannosylated proteins
expressed on the surface of bladder epithelial cells.34 A complete
ﬁm operon encoding the necessary components of the type 1
pilus is carried by approximately 75% of E. coli and is further
enriched in UPEC strains.27 FimH-mediated binding to the bladder
can lead to UPEC invasion into luminal bladder epithelial cells
where they replicate to high levels while protected from many
host defenses, thus promoting ongoing infection. Clinical studies
have implicated type 1 pili as a critical colonization factor during
UTI in women.35,36 CUP pili also promote UPEC colonization in the
gut reservoir. A recent study found that type 1 and F17-like pili
promote the establishment and/or maintenance of the UPEC
intestinal reservoir in a streptomycin-treated mouse model of
intestinal colonization.12 Interestingly, the puriﬁed lectin domains
of the type 1 and F17-like adhesins (FimH and UclD, respectively)
were shown to bind to distinct micro-habitats within the colonic
crypt. FimH bound to the more differentiated cells in the upper
crypts and in the surface epithelial cuffs that line the intestinal
lumen. In contrast, UclD bound the lower, less differentiated cells
of the crypts.12 Strikingly, phylogenetic analysis of F17-like pili
suggest that this system was acquired from another species of
gut-colonizing bacteria, suggesting that UPEC acquired the system
to enhance colonization of a habitat within the gut that is separate
from type 1 pili.12 However, studies examining the localization of
whole bacteria expressing type 1 or F17-like pili within the mouse
gut are required to determine if UPEC bind within the crypts
during intestinal colonization in vivo.
The established importance of type 1 pili during infection of the
bladder and colonization of the gut served as an impetus for the
development of anti-adhesive compounds that target the adhesin
FimH. These compounds, called mannosides, are small molecule
glycomimetics of the natural host receptor for FimH that display
orders of magnitude higher binding afﬁnity, speciﬁcally blocking
the ability of UPEC to adhere to and colonize the host tissue.37
Orally bioavailable mannosides are capable of treating and/or
preventing UTI and catheter-associated UTI (CAUTI) in relevant
mouse models.38–40 Further, these compounds can target and
reduce the UPEC intestinal reservoir while simultaneously treating
an active bladder infection.12 Strikingly, a 16S rRNA study found
that oral treatment with mannosides has minimal effects on the
overall structure of the gut microbiota, suggesting that manno-
sides can selectively extirpate UPEC from the gut.12
For some patients, the frequency and severity of rUTIs
necessitate long-term prophylactic antibiotic treatment, greatly
affecting their quality of life.41 Further, withdrawal of the broad-
spectrum antibiotic therapy often results in additional UTIs,
potentially due to the increase in intestinal UPEC caused by
antibiotic-mediated intestinal inﬂammation. This creates a vicious
cycle in which broad-spectrum antibiotic therapy can successfully
target and clear UPEC from the bladder but oral antibiotic
exposure may actually promote a bloom of intestinal UPEC, which
can seed rUTI (Fig. 1a, c). Introducing mannoside treatment alone
or in tandem with antibiotic therapy may help to break this cycle
and allow for clearance of UPEC from the gut and bladder (Fig. 1a,
b).
PRECISION TREATMENTS FOR INTESTINAL INFECTIONS
A precision antimicrobial therapy has also been shown to reduce
intestinal colonization by adherent-invasive E. coli (AIEC) in a
mouse model of CD. Biopsy studies in humans with CD have
found that high levels of intestinal inﬂammation and/or bacterial
dysbiosis cause some patients to express abnormally high levels of
CEACAM6, a homotypic adhesion molecule, on their ileal
epithelium.42–45 CEACAM6 is highly mannosylated and serves as
a receptor AIEC expressing type 1 pili, resulting in an overgrowth
of AIEC. While the role of AIEC in the initiation of CD is
controversial, it is accepted that the increased abundance of this
bacterium serves to promote the constitutive, overexuberant
inﬂammatory response associated with the disease. A recent study
found that oral mannoside therapy is capable of targeting and
reducing ileal colonization by AIEC in a transgenic mouse model.46
This ﬁnding suggests that mannoside treatment may help to
reduce the severity of disease in CD patients that are colonized by
AIEC. This therapeutic rationale is currently being tested in a Phase
I clinical trial with the oral, non-bioavailable FimH antagonist
EB8018 to treat CD (ClinicalTrials.gov, NCT02998190).
Clostridium difﬁcile (C. diff.) is another example of an opportu-
nistic infection that is typically triggered by the use of broad-
spectrum antibiotics and destruction of the normal gut micro-
biota. C. diff. infections are the leading cause of hospital-acquired
diarrhea and can be highly recurrent, resulting in increased
exposure to antibiotics. This has led to a large number of
antibiotic-resistant isolates worldwide. In fact, more than 500,000
cases are diagnosed each year in the US alone. Antivirulence
strategies targeting these infections include monoclonal anti-
bodies and small molecular inhibitors targeting critical C. diff.
virulence factors, like toxin A (TcdA) and toxin B (TcdB).47–50 The
action of these proteases results in the release of its glucosyl-
transferase domain, which irreversibly glucosylates the RhoA
family of GTPases, ultimately leading to apoptosis of infected host
cells in the gut. The recently identiﬁed small molecule inhibitors
have shown good efﬁcacy in both in vitro and in vivo studies.
PRECISION TREATMENT FOR RESPIRATORY INFECTIONS
Streptococcus pneumoniae and Nontypeable Haemophilus inﬂuen-
zae (NTHi) are commensal residents of the human nasopharynx.51
However, like UPEC, both organisms are capable of migrating to
body sites outside of the nasopharynx and causing infection.
During periods of dysbiosis, as occurs during antibiotic exposure,
S. pneumoniae and NTHi can infect the normally sterile middle ear,
causing OM. OM is one of the most common childhood diseases,
affecting 75% of children under the age of 3.52 After accessing the
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middle ear, these bacteria form dense bioﬁlm communities that
shield the enclosed bacteria from immune cells and antibiotic
treatment.51 Because of these challenges, bacterial OM is often
chronic and recurrent.
Developing precision antimicrobials that target S. pneumoniae
and NTHi species in the middle ear and/or the nasopharynx may
enhance treatment efﬁcacy. However, targeting these organisms
at the site of infection with small molecules may be limited by the
ability of the compounds to penetrate bioﬁlms. Yet, treating
patients with precision antimicrobials may permit clinicians to
reduce the population of these organisms in the host reservoir
and thus prevent the re-seeding of the middle ear from this
reservoir. Identifying genes that promote the establishment and/
or maintenance of S. pneumoniae and NTHi in the respiratory tract
microbiota could potentially identify targets against which small
molecule antagonists could be developed. Interestingly, NTHi and
S. pneumoniae are also associated with other mucosal infections,
including sinusitis and conjunctivitis, suggesting that developing
treatments to target these organisms in the host reservoir may
help to treat and/or prevent a number of infections.
A signiﬁcant pathogen in the development of pneumonia is the
Gram-negative bacterium Pseudomonas aeruginosa. Cystic ﬁbrosis
patients are particularly vulnerable to acquiring a lung infection of
this type. The global prevalence of multidrug-resistant P.
aeruginosa is quickly rising, increasing the urgency for the
development of alternative treatment strategies. While P. aerugi-
nosa infections are more prevalent in immunocompromised
individuals, this organism is also a common cause of skin and
soft tissue infections in patients with burns or serious wounds. It is
also known to regularly colonize medical devices such as
Fig. 1 Potential effects of oral mannoside and antibiotic treatment on the intestinal UPEC population. a Intestinal UPEC reach the bladder and
can cause UTI after being shed in the feces. b Oral mannoside treatment targets and reduces the UPEC intestinal population and
simultaneously treats and clears UTI in the bladder with minimal effects on the overall structure/diversity of the gut microbiota. c Conversely,
oral treatment with clinically relevant broad-spectrum antibiotics, like ciproﬂoxacin, can treat and clear UTI but reduces the overall abundance
and diversity of the gut microbiota. The resulting intestinal inﬂammation caused by antibiotic treatment may promote intestinal E. coli
colonization (including UPEC) and thus can lead to increase UPEC fecal shedding, promoting recurrent UTI
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catheters, and is a frequent cause of CAUTI. Multiple diverse
therapeutic strategies have been proposed and pursued which
target P. aeruginosa, including novel antibiotics and antimicrobials
targeting key bacterial virulence factors.53 These bacteria, like
UPEC, encode adhesins for host–cell recognition and pathogen-
esis, the most important of which are LecA (PA-IL) and LecB (PA-
IIL). However, unlike FimH, these lectins are not associated with
pili, but are secreted and soluble proteins. LecA and LecB function
as homotetramers and are known to recognize glycoproteins
bearing D-galactose and L-fucose or D-mannose epitopes,
respectively. They are also both necessary for adhesion and
bioﬁlm formation. Both multi-valent and monomeric LecA and
LecB glycoside-based galactoside and mannoside antagonists
have been rationally designed using similar strategies to those
utilized for the development of FimH mannosides. To date, several
groups have identiﬁed and demonstrated efﬁcacy for promising
glycomimetic compounds targeting LecA/B.54,55 The company
GlycoMimetics has reported the discovery of a dual LecA/B
antagonist, GM-1051 which is in preclinical testing to treat and
prevent P. aeruginosa infection in 2009,54 but no additional
information has been published since that time.
PRECISION TREATMENT FOR SKIN INFECTIONS
The role of Propionibacterium acnes in adolescent acne vulgaris
has been established for several decades. Depending on the
clinical severity of acne, treatment often includes topical and/or
oral administration of broad-spectrum antibiotics, typically tetra-
cycline derivatives. Unfortunately, resistance to these antibiotics is
beginning to emerge.56 However, recent work has demonstrated
that natural products from Staphylococcus epidermidis, such as
succinic acid, can effectively inhibit the growth of P. acnes.56
Gaining a better understanding of the molecular mechanism by
which products like succinic acid inhibit P. acnes growth may
provide the basis of naturally based small molecules that more
effectively target this organism and prevent infection from
occurring.
Perhaps the most widely studied skin infection is caused by
Staphylococcus aureus, and more speciﬁcally, methicillin-resistant
S. aureus (MRSA). Nasopharynx colonization rates of S. aureus are
over 20% in the general European population, with rates of over
90% in patients with atopic dermatitis and other skin conditions.57
When perturbation of mechanical barriers or immunological
barriers occur, these colonizing populations can lead to skin
infections, abscess formation, respiratory infections, and, in severe
cases, sepsis. Indeed, invasive MRSA infections are associated with
a mortality rate of approximately 20%.58 Recently, investigators
discovered a natural compound produced by the commensal
strain Staphylococcus lugdunensis that is able to selectively remove
S. aureus from the nasopharynx.59 This effect is mediated by a
molecule termed lugdunin, a cyclic bactericidal peptide that may
function to selectively inhibit bacterial metabolism but whose
precise mechanism of action remains unknown.59 A number of
other promising small molecule inhibitors have been uncovered
that attenuate S. aureus pathogenesis by inhibiting processes such
as bacterial iron-sulfur cluster assembly, RnpA-mediated RNA
degradation, lipoteichoic acid synthesis, and sortase activity.60–63
These studies provide additional examples of small molecule
inhibitors that selectively target bacterial species in a speciﬁc
niche. While the development of these treatments remains in its
infancy, other conditions such as atopic dermatitis and psoriasis,
which are also associated with changes in the skin microbiome,
may be amenable to probiotic or small molecule-based treatment
approaches.
CHALLENGES OF DEVELOPING PRECISION THERAPEUTICS
While precision antimicrobial therapeutics hold great promise to
help combat the antibiotic resistance crisis and spare existing
broad-spectrum antibiotics, a great deal of work will be required
to better understand the role and efﬁcacy of these types of
precision therapeutics, including their ability to target and reduce
speciﬁc pathogens in humans. Furthermore, in addition to the
traditional hurdles facing the development of novel pharmaceu-
ticals such as toxicity, bioavailability, and manufacturing scal-
ability, the development of precision antibacterial agents faces its
own unique set of challenges.
Development of traditional antibiotics is predicated on the
targeting of core bacterial processes that are shared among all
strains in a group of bacterial species while avoiding cross-
reactivity with host cellular processes. The core processes targeted
by broad-spectrum antibiotics are often mediated by genes that
are highly conserved between bacterial species, such as the gyrA
gene, which encodes a target of the ﬂuoroquinolone ciproﬂoxacin.
In contrast, precision antimicrobials are designed to target
processes occurring in only a deﬁned subset of pathogens
without affecting either the host or beneﬁcial bacteria within
the microbiota. Thus, precision antimicrobials must be tailor-made
to target each bacterial pathogen within its speciﬁc host niche.
Extensive knowledge of the various stages of the pathogen
lifecycle is required to design therapeutics that will disrupt a
critical pathway necessary for the persistence and/or virulence of
the pathogen. UPEC represent a good example of this challenge.
Despite decades of research, a clear genetic deﬁnition of UPEC
remains elusive and a recent study showed that there is not a
single set of genes in UPEC that are both necessary and sufﬁcient
for bladder colonization.64 UPEC are genetically diverse and vary
signiﬁcantly in their carriage of putative urovirulence factors.64
Thus, a drug that targets a factor present in only a fraction of UPEC
strains causing UTI would limit its usefulness. However, an
Uropathogenic E. coli
Gut M
icrobiota
Fig. 2 Precision therapeutics target a speciﬁc organism while
leaving the remainder a microbiota community untouched. Artist
rendering of how mannoside treatment (compound from prescrip-
tion bottle) selectively extirpates UPEC from the gut microbiota
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integrated analysis using multiple measures of pathogenesis,
distinct mouse models of infection, in vitro measures of virulence
gene function, comparative genomics and transcriptomics
revealed that activity of type 1 pili was one of the best predictors
of pathogenesis in mouse models.64 This analysis shows that
targets of precision antimicrobials can be identiﬁed even in
genetically diverse pathogens through an integrated, multi-
disciplinary approach.
Additionally, UPEC can persist within host reservoirs outside of
the bladder, such as the gut, to seed multiple recurrent
infections.12 Fortunately, orally bioavailable mannoside FimH
antagonists have been shown to be able to reduce the gut
reservoir while simultaneously treating a bladder infection. This
exempliﬁes how taking into consideration the pathogen’s lifestyle
in both its site of infection as well as in other reservoirs within the
host may provide additional therapeutic value to a precision-
based medicine by potentially reducing the risk of recurrences.
Although targets of precision antimicrobial therapeutics can be
developed through academic research, the development and
deployment of these precision antimicrobial therapies requires the
engagement of the pharmaceutical industry and the strengthen-
ing of collaborative efforts between these two spheres.
CONCLUSIONS
Broad-spectrum antibiotics are invaluable tools for the treatment
and prevention of disease; however, the rise of antibiotic-resistant
pathogens has made treating individuals with single and
multidrug-resistant infections challenging. Further, the increasing
number of studies ﬁnding that antibiotic-mediated disruption of
the microbiota may be detrimental to the host suggests that
treating individuals with antibiotics, particularly broad-spectrum
antibiotics, has some negative consequences. Therefore, develop-
ing precision or “ultra-narrow” spectrum antimicrobials, like
mannosides, that are designed to target a speciﬁc organism while
leaving the remaining microbial community untouched is needed
(Fig. 2). Developing therapies that target the host reservoir of
pathogens, rather than simply the site of infection, may help to
reduce disease burden and/or prevent recurrence.
ACKNOWLEDGEMENTS
This work was supported by grants from the NIH: AI029549 (S.J.H.), DK051406 (S.J.H.),
and 1F31DK107057-01A1 (C.N.S.).
AUTHOR CONTRIBUTIONS
C.N.S. and S.J.H. are responsible for the design and organization of this perspective. C.
N.S., S.J.H., R.D.K., H.L.S., and J.W.J. contributed to the content of this work. Figures
were designed by C.N.S. C.N.S. and S.J.H. wrote the perspective with contributions
from all authors.
ADDITIONAL INFORMATION
Competing interests: S.J.H. and J.W.J. have ownership interest in Fimbrion
Therapeutics, and may beneﬁt if the company is successful in marketing mannosides.
The remaining authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional afﬁliations.
REFERENCES
1. O’Neill, J. Antimicrobial resistance: tackling a crisis for the health and wealth of
nations. https://amr-review.org (2014).
2. Adeyi, O.O.B. et al. Drug-resistant infections: a threat to our economic future.
http://documents.worldbank.org/curated/en/323311493396993758/ﬁnal-report
(2017).
3. Turnbaugh, P. J. et al. The human microbiome project. Nature 449, 804–810
(2007).
4. Sommer, F. & Backhed, F. The gut microbiota—masters of host development and
physiology. Nat. Rev. Microbiol. 11, 227–238 (2013).
5. Moeller, A. H. et al. Cospeciation of gut microbiota with hominids. Science 353,
380–382 (2016).
6. Schulfer, A. & Blaser, M. J. Risks of antibiotic exposures early in life on the
developing microbiome. PLoS Pathog. 11, e1004903 (2015).
7. Littman, D. R. & Pamer, E. G. Role of the commensal microbiota in normal and
pathogenic host immune responses. Cell Host Microbe 10, 311–323 (2011).
8. Hooper, L. V., Littman, D. R. & Macpherson, A. J. Interactions between the
microbiota and the immune system. Science 336, 1268–1273 (2012).
9. Modi, S. R., Collins, J. J. & Relman, D. A. Antibiotics and the gut microbiota. J. Clin.
Investig. 124, 4212–4218 (2014).
10. Spees, A. M. et al. Streptomycin-induced inﬂammation enhances Escherichia coli
gut colonization through nitrate respiration. mBio 4, e00430-13 (2013).
11. Barthel, M. et al. Pretreatment of mice with streptomycin Provides a Salmonella
enterica serovar Typhimurium colitis model that allows analysis of both pathogen
and host. Infect. Immun. 71, 2839–2858 (2003).
12. Spaulding, C. N. et al. Selective depletion of uropathogenic E. coli from the gut by
a FimH antagonist. Nature 546, 528–532 (2017).
13. Winter, S. E., Lopez, C. A. & Baumler, A. J. The dynamics of gut-associated
microbial communities during inﬂammation. EMBO Rep. 14, 319–327 (2013).
14. Winter, S. E. et al. Host-derived nitrate boosts growth of E. coli in the inﬂamed gut.
Science 339, 708–711 (2013).
15. Lupp, C. et al. Host-mediated inﬂammation disrupts the intestinal microbiota and
promotes the overgrowth of Enterobacteriaceae. Cell Host Microbe 2, 119–129
(2007).
16. Kotlowski, R., Bernstein, C. N., Sepehri, S. & Krause, D. O. High prevalence of
Escherichia coli belonging to the B2+D phylogenetic group in inﬂammatory
bowel disease. Gut 56, 669–675 (2007).
17. Kyle, J. Urinary complications of Crohn’s disease. World J. Surg. 4, 153–160 (1980).
18. Ben-Ami, H. et al. Diagnosis and treatment of urinary tract complications in
Crohn’s disease: an experience over 15 years. Can. J. Gastroenterol. 16, 225–229
(2002).
19. Scholes, D. et al. Risk factors for recurrent urinary tract infection in young women.
J. Infect. Dis. 182, 1177–1182 (2000).
20. Yamamoto, S. et al. Genetic evidence supporting the fecal-perineal-urethral
hypothesis in cystitis caused by Escherichia coli. J. Urol. 157, 1127–1129 (1997).
21. Gruneberg, R. N. Relationship of infecting urinary organism to the faecal ﬂora in
patients with symptomatic urinary infection. Lancet 2, 766–768 (1969).
22. Franco, A. V. Recurrent urinary tract infections. Best Pract. Res. Clin. Obstet.
Gynaecol. 19, 861–873 (2005).
23. Zowawi, H. M. et al. The emerging threat of multidrug-resistant Gram-negative
bacteria in urology. Nat. Rev. Urol. 12, 570–584 (2015).
24. Patel, G., Huprikar, S., Factor, S. H., Jenkins, S. G. & Calfee, D. P. Outcomes of
carbapenem-resistant Klebsiella pneumoniae infection and the impact of anti-
microbial and adjunctive therapies. Infect. Control Hosp. Epidemiol. 29, 1099–1106
(2008).
25. Munoz-Price, L. S. et al. Clinical epidemiology of the global expansion of Klebsiella
pneumoniae carbapenemases. Lancet Infect. Dis. 13, 785–796 (2013).
26. Mediavilla, J. R. et al. Colistin- and carbapenem-resistant Escherichia coli harboring
mcr-1 and blaNDM-5, causing a complicated urinary tract infection in a patient
from the United States. mBio 7, e01191-16 (2016).
27. Schwarz, S. & Johnson, A. P. Transferable resistance to colistin: a new but old
threat. J. Antimicrob. Chemother. 71, 2066–2070 (2016).
28. Bradford, P. A. et al. Correlation of beta-lactamase production and colistin
resistance among Enterobacteriaceae isolates from a global surveillance pro-
gram. Antimicrob. Agents Chemother. 60, 1385–1392 (2016).
29. Laxminarayan, R. et al. Antibiotic resistance-the need for global solutions. Lancet
Infect. Dis. 13, 1057–1098 (2013).
30. Logan, L. K. & Weinstein, R. A. The epidemiology of carbapenem-resistant
Enterobacteriaceae: the impact and evolution of a global menace. J. Infect. Dis.
215, S28–S36 (2017).
31. Wurpel, D. J., Beatson, S. A., Totsika, M., Petty, N. K. & Schembri, M. A. Chaperone-
usher ﬁmbriae of Escherichia coli. PLoS ONE 8, e52835 (2013).
32. Nowicki, B., Rhen, M., Vaisanen-Rhen, V., Pere, A. & Korhonen, T. K. Immuno-
ﬂuorescence study of ﬁmbrial phase variation in Escherichia coli KS71. J. Bacteriol.
160, 691–695 (1984).
33. Spaulding, C. N. & Hultgren, S. J. Adhesive Pili in UTI pathogenesis and drug
development. Pathogens 5, E30 (2016).
34. Wright, K. J., Seed, P. C. & Hultgren, S. J. Development of intracellular bacterial
communities of uropathogenic Escherichia coli depends on type 1 pili. Cell.
Microbiol. 9, 2230–2241 (2007).
Precision antimicrobial therapeutics...
CN Spaulding et al.
6
npj Biofilms and Microbiomes (2018)  4 Published in partnership with Nanyang Technological University
35. Gunther, N. W., Lockatell, V., Johnson, D. E. & Mobley, H. L. In vivo dynamics of
type 1 ﬁmbria regulation in uropathogenic Escherichia coli during experimental
urinary tract infection. Infect. Immun. 69, 2838–2846 (2001).
36. Hultgren, S. J., Porter, T. N., Schaeffer, A. J. & Duncan, J. L. Role of type 1 pili and
effects of phase variation on lower urinary tract infections produced by Escher-
ichia coli. Infect. Immun. 50, 370–377 (1985).
37. Jarvis, C. et al. Antivirulence isoquinolone mannosides: optimization of the biaryl
aglycone for FimH lectin binding afﬁnity and efﬁcacy in the treatment of chronic
UTI. ChemMedChem 11, 367–373 (2016).
38. Guiton, P. S. et al. Combinatorial small-molecule therapy prevents uropathogenic
Escherichia coli catheter-associated urinary tract infections in mice. Antimicrob.
Agents Chemother. 56, 4738–4745 (2012).
39. Cusumano, C. K. et al. Treatment and prevention of urinary tract infection with
orally active FimH inhibitors. Sci. Transl. Med. 3, 109–115 (2011).
40. Totsika, M. et al. A FimH inhibitor prevents acute bladder infection and treats
chronic cystitis caused by multidrug-resistant uropathogenic Escherichia coli
ST131. J. Infect. Dis. 208, 921–928 (2013).
41. Hooton, T. M. Clinical practice. Uncomplicated urinary tract infection. N. Engl. J.
Med. 366, 1028–1037 (2012).
42. Barnich, N. & Darfeuille-Michaud, A. Abnormal CEACAM6 expression in Crohn
disease patients favors gut colonization and inﬂammation by adherent-invasive
E. coli. Virulence 1, 281–282 (2010).
43. Dreux, N. et al. Point mutations in FimH adhesin of Crohn’s disease-associated
adherent-invasive Escherichia coli enhance intestinal inﬂammatory response. PLoS
Pathog. 9, e1003141 (2013).
44. Barnich, N. et al. CEACAM6 acts as a receptor for adherent-invasive E. coli, sup-
porting ileal mucosa colonization in Crohn disease. J. Clin. Investig. 117,
1566–1574 (2007).
45. Carvalho, F. A. et al. Crohn’s disease adherent-invasive Escherichia coli colonize
and induce strong gut inﬂammation in transgenic mice expressing human
CEACAM. J. Exp. Med. 206, 2179–2189 (2009).
46. Alvarez Dorta, D. et al. The antiadhesive strategy in crohn’s disease: orally active
mannosides to decolonize pathogenic Escherichia coli from the Gut. ChemBio-
Chem 17, 936–952 (2016).
47. Pechine, S., Janoir, C. & Collignon, A. Emerging monoclonal antibodies against
Clostridium difﬁcile infection. Expert Opin. Biol. Ther. 17, 415–427 (2017).
48. Bender, K. O. et al. A small-molecule antivirulence agent for treating Clostridium
difﬁcile infection. Sci. Transl. Med. 7, 306ra148 (2015).
49. Abdeen, S. J., Swett, R. J. & Feig, A. L. Peptide inhibitors targeting Clostridium
difﬁcile toxins A and B. ACS Chem. Biol. 5, 1097–1103 (2010).
50. Tam, J. et al. Small molecule inhibitors of Clostridium difﬁcile toxin B-induced
cellular damage. Chem. Biol. 22, 175–185 (2015).
51. Murphy, T. F., Bakaletz, L. O. & Smeesters, P. R. Microbial interactions in the
respiratory tract. Pediatr. Infect. Dis. J. 28, S121–S126 (2009).
52. Van Eldere, J., Slack, M. P., Ladhani, S. & Cripps, A. W. Non-typeable Haemophilus
inﬂuenzae, an under-recognised pathogen. Lancet Infect. Dis. 14, 1281–1292 (2014).
53. Wagner, S. et al. Novel strategies for the treatment of Pseudomonas aeruginosa
infections. J. Med. Chem. 59, 5929–5969 (2016).
54. Lou, K.-J. Breaking the bioﬁlm barrier. Sci. Bus. Exch. 2, https://doi.org/10.1038/
scibx.2009.124 (2009).
55. Sommer, R. et al. Glycomimetic, orally bioavailable LecB inhibitors block
bioﬁlm formation of Pseudomonas aeruginosa. J. Am. Chem. Soc. 7b, e11133
(2017).
56. Nakase, K. et al. Propionibacterium acnes is developing gradual increase in
resistance to oral tetracyclines. J. Med. Microbiol. 66, 8–12 (2017).
57. Brown, A. F., Leech, J. M., Rogers, T. R. & McLoughlin, R. M. Staphylococcus aureus
colonization: modulation of host immune response and impact on human vac-
cine design. Front. Immunol. 4, 507 (2014).
58. Klevens, R. M. et al. Invasive methicillin-resistant Staphylococcus aureus infections
in the United States. J. Am. Med. Assoc. 298, 1763–1771 (2007).
59. Zipperer, A. et al. Human commensals producing a novel antibiotic impair
pathogen colonization. Nature 535, 511–516 (2016).
60. Olson, P. D. et al. Small molecule inhibitors of Staphylococcus aureus RnpA alter
cellular mRNA turnover, exhibit antimicrobial activity, and attenuate pathogen-
esis. PLoS Pathog. 7, e1001287 (2011).
61. Choby, J. E. et al. A small-molecule inhibitor of iron-sulfur cluster assembly
uncovers a link between virulence regulation and metabolism in Staphylococcus
aureus. Cell Chem. Biol. 23, 1351–1361 (2016).
62. Zhang, J. et al. Antiinfective therapy with a small molecule inhibitor of Staphy-
lococcus aureus sortase. Proc. Natl Acad. Sci. USA 111, 13517–13522 (2014).
63. Richter, S. G. et al. Small molecule inhibitor of lipoteichoic acid synthesis is an
antibiotic for Gram-positive bacteria. Proc. Natl Acad. Sci. USA 110, 3531–3536
(2013).
64. Schreiber, H.L. et al. Bacterial virulence phenotypes of Escherichia coli and host
susceptibility determine risk for urinary tract infections. Sci. Transl. Med. 9,
eaaf1283 (2017).
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2018
Precision antimicrobial therapeutics...
CN Spaulding et al.
7
Published in partnership with Nanyang Technological University npj Biofilms and Microbiomes (2018)  4 
